It has long been known that manganese is an essential micronutrient of plants. Although the precise functions of manganese are unknown there is evidence that it may be concerned in chlorophyll synthesis, photosynthesis, respiration and nitrate assimilation. Decreased photosynthesis under conditions of manganese deficiency was originally attributed to the diminished chlorophyll content, but more recent investigations suggest the possibility of a direct effect of manganese on photosynthesis. The evidence, which is conflicting, is reviewed by Ruck & Bolas (1954) . Arnon (1954) and Gerretsen (1937 Gerretsen ( , 1949 Gerretsen ( , 1950 obtained evidence in favour of a direct effect of manganese on photosynthesis. Gerretsen (1950) concluded from potentiometric measurements that H202 was formed when chloroplast preparations were illuminated in the presence of Mn2 . It was suggested that Mn2+ functions as an activator of oxygen and that a photosensitive oxidation-reduction system is present in chloroplasts in which there is equilibrium between Mn2+ and Mn3+ or Mn4+, this equilibrium moving in the direction of oxidation during illumination. Mehler (1951 a, b) demonstrated the formation of H202 by illuminated chloroplast suspensions by showing that addition of catalase to such suspensions resulted in the coupled oxidation of added ethanol. Kenten & Mann (1950) showed that peroxidase systems catalyse the oxidation of Mn2+. If chloroplast preparations contain peroxidase the hydrogen peroxide formed on illumination might be used for the oxidation of Mn2+. The present work was undertaken to find out whether illuminated chloroplast preparations oxidize M-n2+ and whether such oxidation is due to peroxidase systems.
MATERIAL:S AND METHODS
Plant material. Most of the plants used were glasshousegrown in a John Innes potting compost.
Leaf extracts. These were made from leaves of tobacco (Nicotiana tabacum L.), spinach (Beta vsgaris L.), pea (Pium sativum L.) and broad bean (Vicia faba L.). The leaves (20 g.) were ground with sand and 100 ml. 0-04M-phosphate pH 7 at 00 in a chilled mortar. The macerate was squeezed by hand through strong cotton cloth into a chilled tube, centrifuged for 2 min. at 2000 r.p.m.
(900g) and the precipitate discarded. The values given for g refer to the centrifugal force at the bottom of the centrifuge tubes. Chloroplast preparation8. The leaf extract (100 ml.) was centrifuged at 10000 r.p.m. (11000g) for 15 min. in an MSE (Measuring and Scientific Equipment Ltd.) angle.
head centrifuge at 0-4°. The precipitate was suspended in 100 ml. 0*04M phosphate, pH 7, at 00 and centrifuged again at 10 000 r.p.m. for 15 min. at 0-4'. The precipitate of chloroplast material was suspended in 004m phosphate, pH 7, to a convenient volume and stored at 00.
Peroxidase. This was prepared from horseradish roots by the method of Kenten & Mann (1954) . The Purpurogallinzahl (P.Z.) (Willstitter & Stoll, 1918) Catalase. This was prepared from ox liver by the method of Sumner & Dounce (1937) and the activity of the preparation was estimated as described previously (Kenten & Mann, 1952 Arnon (1949) .
Illumination. An Osram Daylight fluorescent tube was the source of light. The concentration of the manganipyrophosphate solution (300 ug. Mn3+/ml.) was established by titration against standard FeSO4,(NH4)2SO4 ,6H20. For the manometric estimation each vessel contained 2-8 ml. of the undiluted manganipyrophosphate solution. After equilibration 0-2 ml. of saturated hydrazine sulphate solution was added from the side arm. Gas phase, N2; temp. 280. The Mns+ present was calculated from the N2 outputs after correction for 105% recovery as described by Kenten & Mann (1949) Vol. 6i
tests for manganese oxidation obtained by Kenten & Mann (1952a) with leaf extracts may have been dependent on illumination. Washed chloroplast suspensions prepared from the leaf extracts also gave strongly positive tests for manganese oxidation in light but not in darkness, while the supernatants from the centrifuged leaf extracts (15 min. at 10 000 r.p.m.) gave negative or, only occasionally, slightly positive tests. The colorimetric tests were negative with extracts or chloroplast preparations which had been heated for 5 min. in a boiling-water bath. The fact that the positive colorimetric tests were due to the accumulation of manganipyrophosphate was subsequently confirmed by the manometric estimation of this compound in the reaction mixtures by using the method of Kenten & Mann (1949) . But for much of the work with the chloroplast preparations, particularly where low concentrations of Mn2+ were used, the spectrophotometric method of estimation of manganipyrophosphate was found more suitable. Spectrophotometric evidence. The fact that the Mn2+ is oxidized by chloroplast preparations in the presence of light was confirmed by experiments in which the accumulated manganipyrophosphate was identified and estimated by the spectrophotometric method. Fig. 2 illustrates the results of one such experiment.
Reaction mixtures consisting of 0 5 ml. washed tobacco chloroplasts (1.67 mg. chlorophyll/ml.), 3 ml. 0O1M pyrophosphate, pH 7, with and without 0-6 ml. 001 M-MnSO4 in a total volume of 6 ml. were incubated either in light (100 ft.c.) or in darkness for 3 hr. Each reaction L.UMINATED CHLOROPLASTS 281 mixture was then made up to a total volume of 8 ml. and centrifuged at 10 000 r. Reaction mixtures consisting of washed tobacco or spinach chloroplast preparations (0.2-2 ml.), 1-8 ml. 0 02m-MnSO4, 3 ml. 0-1 m pyrophosphate, pH 7, in a total volume of 6 ml. were illuminated for 18 hr. at 100 ft.c. Control reaction mixtures were incubated in darkness for the same period. The reaction mixtures were then diluted to 8 ml., centrifuged, and the manganipyrophosphate present in the supernatants was estimated by the spectrophotometric and manometric methods.
Expt. The chloroplast preparations were found to reduce manganipyrophosphate. This was clearly shown in reaction mixtures incubated in darkness (Table 3) . With chloroplasts in the light the fall in manganipyrophosphate concentration was comparatively small and was usually observed clearly only in the first 2 hr. of the incubation. The apparent oxidation measured in this work is, therefore, the resultant of both oxidation and reduction. If the amount of this reduction in light is no greater than that in darkness it is insufficient to affect the results greatly.
chloroplast material was used within 48 hr. of preparation.
Conditions of illumrination. The reaction mixtures (6 ml.) in 50 ml. beakers had a depth ofabout 5 mm. and were only occasionally shaken. Under these conditions the intensity of illumination of the bottom of the reaction mixture would be much less than that at the surface, particularly when large amounts of chloroplast preparation were present. Accordingly, the effect of continuous increase of chloroplast preparation. The effect of this factor on the manganipyrophosphate formation was also studied in Petri dishes by using a short reaction period (30 min.). The results (Fig. 4) show that under these conditions the manganipyrophosphate formed was approximately proportional to the chlorophyll concentration up to about 100 ,ug. chlorophyll/ml. Further increases in chlorophyll concentration (up to 250 ,ug./ml.) produced progre#sively smaller increases in the rate of manganipyrophosphate formation. R. H. KENTEN AND P. J. G. MANN since all the added Mn2+ was oxidized. This result is of particular interest since it shows that the reaction can take place at physiological concentrations of Mn2+. Oxidation of added Mn2+ was complete up to a concentration of Mn2+ of 11 ,ug./ml. Further increases of Mn2+ increased the oxidation though not in proportion to the increase in concentration of Mn2+.
Effect of catala8e. With reaction mixtures similar to those of Table 2 added catalase (2 mg.) caused a 20-40 % inhibition of manganese oxidation. The chloroplast suspensions contained both intact chloroplasts and chloroplast fragments of varying sizes. The fact that the inhibition by catalase was only partial may have been due to insufficient penetration of the catalase to the site of the oxidation, particularly with the intact chloroplasts and larger fragments. This was tested with two different types of chloroplast preparation. After removal of the precipitate obtained by centrifuging a tobacco leaf extract at 2000 r.p.m. (900 g) two fractions were obtained from the supernatant, one by spinning for 10 min. at 3200 r.p.m. (2200 g) and the other by spinning the 3200 r.p.m. supernatant for 10 min. at 10 000 r.p.m. (11 000 g). The pellets were suspended in 0-04M orthophosphate (pH 7) and the chlorophyll contents estimated. Samples containing the same amount of chlorophyll were used in the subsequent experiments. It was found (Table 5 ) that the inhibiting effect of catalase was slightly more marked on the chloroplast preparations obtained by high-speed centrifuging, though in the absence of added catalase the activity of these preparations was similar to those obtained by centrifuging at lower speeds. In the reaction mixtures used the catalatic activity due to the chloroplasts present was of the order of onehundredth of that of the added catalase.
Effect of peroxida8e. The results given in Table 6 show that added peroxidase increases both the rate and total amount of Mn2+ oxidation. In agreement with the known properties of peroxidase, rather prolonged heat treatment was necessary to eliminate the peroxidase effects. The amounts of added peroxidase necessary to produce the maximum increase in rate were large in comparison with the amounts of peroxidase in the chloroplast preparations. Those preparations tested showed weak peroxidatic activity in colorimetric tests with benzidine and H202, but the activity was usually insufficient to allow satisfactory estimations of the P.Z. by the method of Keilin & Hartree (1951) . In the attempts to estimate the peroxidase activity by this method P.Z. values of 0-0*2 were obtained.
Effect of pho8phate. When phosphate was substituted for pyrophosphate in the reaction mixtures strongly positive benzidine tests were obtained after illumination, but, on centrifuging, the supernatants had little absorption at 258 m,u. These results were due to the formation of an oxidation product insoluble in phosphate. When the precipi- Table 5 . Effect of catala8e on the oxidation of M-n2+ by illuminated chloroptast preparations
The chloroplast preparations used were prepared as described in the text by low speed (LS) followed by high speed (HS) centrifuging of tobacco leaf extracts. The reaction mixtures were similar to those of A thermolabile factor is involved. Added peroxidase increases the rate of oxidation, though the amount necessary to produce significant increases is great in comparison with that present in the chloroplast preparations used. The oxidation is partially inhibited by added catalase. As with peroxidase comparatively large amounts are necessary to produce a significant effect. A possible explanation is that these enzymes penetrate only with difficulty to the site of the oxidation. Some evidence of this has been obtained in the experiments with added catalase. The results suggest that, in part at least, the oxidation is brought about by peroxidase systems. Mehler (1951 a, b) and Mehler & Brown (1952) (Kenten & Mann, 1949 , 1952 it is presumed that such oxidation is due to peroxidase systems. It may be that part of the oxidation observed in the leaf is due to hydrogen peroxide produced by the action of light on the chloroplasts.* SUMMARY 1. Chloroplast preparations oxidize Mn2+ in light but not, or to a much less extent, in darkness.
2. In pyrophosphate the oxidation product accumulated as a soluble manganipyrophosphate.
In phosphate an insoluble oxidation product was formed which like MnO2 on treatment with pyrophosphate containing Mn2+ gave a soluble manganipyrophosphate.
3. The oxidation products oxidize hydrazine and were estimated manometrically by this reaction or spectrophotometrically as manganipyrophosphate.
A sensitive spectrophotometric method of estimating manganipyrophosphate has been described. 5. Catalase partially inhibits the oxidation.
Peroxidase increases the rate of oxidation.
6. It is suggested that the oxidation is due, at least in part, to peroxidase systems and that a manganese oxidation-reduction cycle may play a part in the reactions of photosynthesis.
